Transcranial motor-evoked potentials (TcMEPs) are used to monitor the descending motor pathway during scoliosis surgery.
Introduction
Intraoperative neurophysiological monitoring is used to identify acute footdrop and other neurologic deficits during spine surgery. The field of intraoperative neurophysiological monitoring has altered the management of spine surgery by providing real-time data on perioperative neurologic function to spinal surgeons. 1 As the field of intraoperative neurologic monitoring has evolved, the use of transcranial motorevoked potentials (TcMEPs) to monitor the functionality of the descending motor pathway has become more common during these spinal procedures. 1 By analyzing the morphological changes of motor-evoked potentials (MEPs) following electric stimulation, it is possible to assess the ability of the spinal cord and corresponding nerve roots to carry an electrical impulse from the brain to the muscle in question. 2 TcMEPs demonstrate a decrease in amplitude if the spinal cord is injured or altered in the thoracic spine, and will also reflect compression or stretching of nerve roots in the lumbar spine. 3 This technique is used during the correction of thoracolumbar deformities, 4 as well as other procedures involving spinal instrumentation. 5 At present, there is not a consensus as to which muscles should be monitored during surgical correction of spinal deformity. In the vast majority of cases, muscles are chosen based on the spinal levels of operation. However, in thoracolumbar scoliosis cases, correction can involve the majority of the spine, making the collection of MEPs from all corresponding levels cumbersome as well as redundant. With this in mind, different groups are proposed to monitor different combinations of muscles in the lower extremities. 4, 6, 7 Ultimately, the most effective combination of muscles would allow for accurate identification of spinal cord injury while limiting false positives. 8, 9 Further, it would do so using the fewest possible muscles to limit setup time as well as the cost of materials needed for intraoperative TcMEP analysis. 10 
Materials and Methods
A retrospective cohort study was designed to evaluate the efficacy of various muscle combinations in predicting postoperative neurologic deficit in patients receiving surgery for thoracolumbar scoliosis.
Patient demographics
127 patients undergoing a thoracolumbar spinal fusion procedure with MEP monitoring at a single institution were retrospectively selected for this study in accordance with IRB approval. Patients ranged in age from five to 79 years old. Eighteen patients were selected based on their presentation with a postoperative neurologic deficit that was not present prior to surgery. Fifteen of these patients were found to have specifically motor deficits that presented as focal lower extremity weakness (Table 1) . Separate analyses were performed for the entire neurologic deficit cohort and for the subset of those with motor deficits.
Inclusion criteria for patients with neurologic deficit included their having undergone a postoperative neurologic consultation from an attending neurologist who confirmed their deficit through physical exam. MEP attenuation, although noted and evaluated by the monitoring physician, did not meet criteria for inclusion in the study. The eighteen patients mentioned previously represent the entire cohort satisfying the above conditions between 2008 and 2015. The intraoperative monitoring records were obtained for each, and the MEPs were analyzed. The remaining 107 patients did not present with postoperative neurologic deficit and were included as a control group. These control patients represent a consecutive cohort of patients receiving thoracolumbar scoliosis surgery at this single institution in 2015. Their MEP data were analyzed in the same manner.
Patient selection
Patients were evaluated prior to surgery to ensure that transcranial electric stimulation was appropriate. Exclusionary criteria included the presence of cochlear implants, intracranial implants or electrodes and aneurysm clips. Additionally, patients with histories of brain surgery, skull fracture or seizures were carefully evaluated and screened prior to stimulation.
Cranial stimulation
MEPs were obtained utilizing Transcranial Electric Stimulation. Needle electrodes were placed above the motor cortex at locations approximately 2 cm anterior to C3 (anode) and C4 (cathode). Needles measured 13 mm long and 0.4 mm in diameter. A constant voltage of between 300 and 500 volts was applied across these needles using Transcranial Electrical Stimulators (TCS-4) (Cadwell: Kenwick, WA).
Stimulation parameters
Pulses were run in two trains of four pulses each and measured in duration from 50 to 75 microseconds. Inter-train intervals measure 20 milliseconds and inter-stimulus intervals measured 2.5 milliseconds. MEPs were acquired every 10-15 minutes during critical parts of the surgery, including decompression, instrumentation and correction. During less critical periods (as judged by the neuromonitoring technician), MEPs were acquired less frequently and at the discretion of the surgeon and neuromonitoring technician.
MEP Acquisition
Measures of motor evoked potentials were obtained from four different muscles in the legs and feet including vastus lateralis (VL), tibialis anterior (TA), peroneus longus (PL), and abductor hallucis (AH). As a control to identify systemic changes due to anesthesia, motor evoked potentials were also recorded at abductor pollicis brevis (APB) 11 for a total of five muscles monitored. Two needle electrodes identical to those used in the transcranial stimulation were placed at each muscle location at a distance of no more than 3cm apart. Needles were inserted at angles of 45°to the horizontal and secured using medical tape (3M: St. Paul, MN).
MEP Interpretation
Interpretation of motor evoked potentials was performed by the attending neurologists at this single institution. Baseline measures were obtained prior to incision at which time appropriate stimulation parameters were determined. The "train of four" response 12 was monitored to assess the effect of neuromuscular blockade given at intubation on the generation of MEPs. Patients included in this study were those whose baseline MEPs were polyphasic in appearance and sufficient in amplitude to confirm their presence and gauge intraoperative changes.
MEP loss was classified as a decrease in complexity and amplitude of a given signal when compared to these baseline measures. 4 Episodes were deemed to be "MEP losses" only if signals did not return to baseline levels by the end of the case. Constant contact was maintained with the attending anesthesiologists to record and incorporate the doses of anesthetic and neuromuscular blockading agents into analysis. The effects of anesthesia and of fluctuating blood pressure were therefore taken into account when interpreting MEP losses. Each episode was analyzed individually.
APB was used as a control muscle to identify MEP changes due to the systemic effects of anesthesia. 11 It was assumed that if evoked potentials were seen to decrease in amplitude in APB, that the losses in APB as well as any other lower extremity muscles were likely due to the systemic effects of anesthesia. This was based on the fact that the cervical spinal cord was not manipulated in any of the procedures included in this study, and that therefore none of the surgeries would implicate a mechanism by which the neural pathway from the motor cortex to APB could have been physically compromised. With this in mind, the use of MEPs to assess spinal cord function in the instances in which APB signals were lost was deemed inappropriate. Thus, the two patients in whom APB signals were lost were eliminated from our analyses, leaving us with 125 patients.
MEPs as predictors of postoperative neurologic deficit and postoperative motor deficit
Patients with postoperative neurologic deficit were identified by the request for a postoperative neurologic consult. Neurologic consult documentation was reviewed by the neurologist to confirm that the observed intraoperative MEP losses reflected the specific postoperative neurologic deficits seen in the patients. Our final sample consisted of 125 patients, eighteen of whom presented with postoperative neurologic deficit and 107 of whom did not. Of the eighteen patients with postoperative neurologic deficit, fifteen were found to have a motor deficit. This yielded an alternative breakdown of the 125 patients cohort -fifteen patients with postoperative motor deficit and 110 patients without.
Four different muscle combinations were analyzed in each of these patients. The combinations were as follows: -VL, TA, PL, AH -VL, TA, PL -TA, PL, AH -TA, PL These combinations were determined based on common practice and the anatomic contribution of each muscle to lower extremity motor function. 4, 6, 7 MEPs were considered successful predictors of postoperative neurologic deficit when there was neither an intraoperative loss nor a postoperative consult, as well as when an intraoperative loss was followed by a postoperative consult. MEPs were considered unsuccessful when a patient with an observed loss did not receive a postoperative consult and when an intraoperative loss was not observed prior to a postoperative consult. These same criteria applied to determining the success of MEPs in predicting postoperative motor deficit, except that the patients with motor deficits were considered to be those sixteen patients who pre- sented with postoperative lower extremity weakness specifically.
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Statistical methods
Differences in demographics between patients with and without postoperative deficit were tested using chi-square test for categorical variables, and Student's t-test for continuous variables. Sensitivity and specificity were calculated to determine the efficiency of each individual muscle combination. The Aikake Information Criterion (AIC) was then calculated to compare the different muscle combinations. Lower AIC values were indicative of more effective muscle combinations. Analysis was conducted for patients with postoperative neurologic deficit and then separately for the more specific subset of patients with postoperative motor deficit. Statistical significance was set at P<0.05. All statistical analysis was performed using SAS, version 9.4 (SAS Institute, Cary, NC).
Results
Postoperative neurologic deficit
Of the eighteen patients who received a postoperative neurologic consult for lower extremity weakness, fifteen showed an attenuation or complete loss of lower extremity MEPs that did not resolve by the end of their procedures (sensitivity = 15/18 = 83.3%). Additionally, 99 of the 107 patients with intact neurologic function showed no change in MEPs from their measured baselines (specificity = 99/107 = 92.5%).
Descriptive analysis
There was no observed difference in age between those with deficit and those without deficit (41.4 years vs. 43.5 years, P=0.74). Additionally, our data revealed no difference in gender between those with and without deficit (83.3% female vs. 65.4%, P=0.18) and the number of levels that were instrumented (13.8 vs. 11.9, P=0.06) ( Table 1) .
Diagnostic analysis
Monitoring of VL, TA, PL, and AH for patients with postoperative neurologic deficit yielded a sensitivity of 77.8% and specificity of 92.5% for postoperative neurologic deficit. Monitoring of VL, TA, and PL yielded a sensitivity of 72.2% and specificity of 93.5%. TA, PL and AH yielded a sensitivity of 77.8% and specificity of 94.4%. Monitoring of TA and PL yielded a sensitivity of 72.2% and specificity of 96.3% ( Table 2) .
The Akaike Information Criterion (AIC) was then used to further evaluate the effectiveness of each muscle combination. Monitoring of VL, TA, PL, and AH yielded an AIC of 66.7. VL, TA, and PL yielded an AIC of 70.1. TA, PL and AH yielded an AIC of 62.4. Monitoring of TA and PL yielded an AIC of 63.9 (Table 2) .
Postoperative motor deficit
Fourteen of the fifteen patients with postoperative motor deficits showed a loss of MEPs (sensitivity = 14/15 = 93.3%) while 102 of the 110 patients with intact motor function showed no change in their MEPs (specificity = 102/110 = 92.7%).
Descriptive analysis
There was no observed difference in age between those with deficit and those without deficit (40.7 years vs. 43.6 years, P=0.64). Again, there was no difference in gender (86.7% female vs. 65.4%, P=0.14). In this cohort, there was a significant difference between the number of instrumented spinal levels. (14.4 vs. 11.9, P<0.05) ( Table 1 ).
Diagnostic analysis
Monitoring of VL, TA, PL, and AH for postoperative motor deficit yielded a sensitivity of 93.3% and specificity of 92.7%. Monitoring of VL, TA, and PL yielded a sensitivity of 86.7% and specificity of 93.6%. TA, PL and AH yielded a sensitivity of 93.3% and specificity of 94.5%. Monitoring of TA and PL yielded a sensitivity of 86.7% and specificity of 96.4% ( Table  2) .
The Akaike Information Criterion (AIC) was then used to further evaluate the effectiveness of each muscle combination. Monitoring of VL, TA, PL, and AH yielded an AIC of 44.1. VL, TA, and PL yielded an AIC of 49.7. TA, PL and AH yielded an AIC of 39.7. Monitoring of TA and PL yielded an AIC of 42.5 (Table 2) . 
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Discussion and Conclusions
The results of this investigation support the use of intraoperative transcranial motorevoked potentials to predict postoperative neurologic deficit as well as postoperative motor deficit. With evaluation of APB used to discern systemic effects of anesthesia from those related to surgical manipulation, the monitoring of tibialis anterior, peroneus longus and abductor hallucis was determined to be the most effective group of muscles in predicting these deficits. This combination yielded the highest combined sensitivity and specificity scores as well as the lowest AIC in both the neurologic deficit and motor deficit cohorts.
The addition of vastus lateralis to the previously mentioned muscle combination improved sensitivity while lowering specificity. The increased sensitivity is explained simply by the fact that the addition of any muscle in the lower extremity would likely improve the ability of TcMEP monitoring to detect lower extremity weakness. However, the decline in specificity makes this combination less effective. TcMEP monitoring of vastus lateralis is difficult based on the length of the needle electrodes and the subcutaneous fat present superficial to the muscle tissue. The needles used in this study were 13 mm in length and thus were likely not long enough to pierce through the adipose tissue and implant within the vastus lateralis of overweight patients. Potentials observed in vastus lateralis are therefore less consistent and ultimately less reliable.
MEPs are better suited to predict postoperative motor deficit than postoperative neurologic deficit. This can be explained anatomically by the fact that MEPs monitor the function of the corticospinal tract and resultant motor function. Neurologic injury can also be the result of an interruption in the communication of afferent sensory information along the posterior columns. With this in mind, intraoperative neurophysiological monitoring should include somatosensory-evoked potential monitoring (SSEPs) as well as MEP monitoring. 13, 14 The use of APB to assess the intraoperative validity of lower extremity MEP monitoring has become common practice and is outlined in the current guidelines published by the American Clinical Neurophysiology Society. 11 The two cases that were excluded from these analyses based on the bilateral loss of MEPs in APB each showed multiple MEP losses in lower extremity muscles as well. Thus, without APB monitoring, these losses of lower extremity MEPs would have been identified as the result of surgical manipulation. However, neither of these two patients showed a postoperative neurologic deficit. As such, the loss of APB successfully indicated that the use of lower extremity MEPs to assess spinal cord function was invalid and helped us to exclude two cases that would have otherwise been considered false positives.
The descriptive analyses revealed a number of interesting trends and findings that deserve further investigation in the future. First, there was a trend toward more women than men experiencing both postoperative neurologic deficit as well as the more specific postoperative motor deficit. Prior research has shown that women are more likely than men to experience complications after spinal deformity surgery. 15 However, there has not been research done into the impact of gender on neurologic complications following surgery for spinal deformity. We also observed a trend toward significance in the difference in number of levels receiving instrumentation between the patients who experienced postoperative neurologic deficit and those who did not. This difference became statistically significant when comparing those patients with and without postoperative motor deficit. In both cases, patients with postoperative deficits had more levels of instrumentation. More complex spine surgeries have been shown to result in higher rates of complication. 16 It stands to reason that placing instrumentation in more spinal levels provides more opportunity for injury to the spinal cord and thus, would result in higher rates of postoperative neurologic and motor injury. This finding would benefit from future investigation as well.
This study is not without its limitations. We elected to include only cases in which persistent MEP losses were observed that did not resolve by the conclusion of surgery. In many cases, MEPs from lower extremity muscles were temporarily lost or physiologically attenuated but ultimately returned. These losses and resolutions can be due to spontaneous recovery or come as a result of a surgical intervention after communication between the surgeon and neurophysiology technician. 17 As it was not possible to intraoperatively corroborate MEP losses with clinical evidence, these instances were not included in our analyses. While these losses may not be clinically significant, they are often tangible examples of the utility of neurophysiologic monitoring -a MEP loss is identified, the surgeon is informed, and an intervention is made that restores the previously compromised neurologic pathway. With this in mind, the utility of MEP monitoring to identify and help correct intraoperative spinal cord injury is likely better than is suggested by these data. We propose that more widespread use of MEP monitoring is highly relevant to incidence of perioperative motor deficit. The alternative, a Stagnara wake-up test, requires waking a patient during surgery and asking him or her to move his or her feet on command. 18 This test does not have the benefit of continual assessment of neural function and prolongs the time of surgery. In addition, the timing of the test is less likely to allow for intervention as close as possible to the time of injury.
We conclude that MEP monitoring is an essential tool in intraoperative neurophysiologic monitoring to influence the outcome of postoperative neurologic and motor deficits. The technique used in this research to evaluate and identify the muscle combinations is most useful to a number of different spine surgeries, including those performed on pediatric patients, as well as deformities specific to the cervical, thoracic or lumbar spines. We hope that through further refinement and careful localization of these chosen muscles, the ability of the monitoring physician to identify a neurologic deficit with a timing that may influence the outcome may ultimately improve preservation of neurologic function.
